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Noninvasive Diagnostics for Early Detection of Lung
Cancer: Challenges and Potential with a Focus on
Changes in DNA Methylation
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ABSTRACT

◥

Lung cancer remains the leading cause of cancer deaths in the
United States and the world. Early detection of this disease can
reduce mortality, as demonstrated for low-dose computed
tomography (LDCT) screening. However, there remains a need
for improvements in lung cancer detection to complement LDCT
screening and to increase adoption of screening. Molecular
changes in the tumor, and the patient’s response to the presence
of the tumor, have been examined as potential biomarkers for
diagnosing lung cancer. There are signiﬁcant challenges to
developing an effective biomarker with sufﬁcient sensitivity and
speciﬁcity for the early detection of lung cancer, particularly the

Introduction
Where we stand in lung cancer screening and diagnostics
Lung cancer is the leading cause of cancer-related mortality. The
American Cancer Society estimates 228,820 new cases of lung cancer
and 135,720 deaths from lung cancer in 2020. As for most adult
carcinomas, screening to detect early disease before the development of
symptoms allows curative approaches that signiﬁcantly improve
patient outcomes. The National Lung Cancer Screening Trial documented a 15% to 20% decrease in mortality when screening high-risk
groups with low-dose computed tomography (LDCT) when compared
with chest X-rays (1). As of 2014, the U.S. Preventive Services Task
Force recommended LDCT as a routine screening tool in high-risk
groups (ages 55–74, >30 pack-year smoking history, and if no longer
smoking, have quit within 15 years). Additional studies, including the
NELSON trial (2), have also demonstrated improvement in lung
cancer mortality with LDCT screening. Although LDCT has a high
sensitivity, it has a high false discovery rate, and many nodules are
labeled as indeterminate risk (varying in size between 7 and 29 mm).
Of the 24.2% of people who had “positive” test, 96.4% had benign lung
nodules (3, 4). Limited diagnostic accuracy is achieved with LDCT, and
of the lung nodules labeled as “indeterminate,” only 1.7% to 22% are
malignant (1). The high false-positive rate can cause unwarranted
anxiety, unnecessary radiation exposure, and further invasive testing
such as bronchoscopy to deﬁnitively rule out lung cancer. Obtaining a
lung biopsy for conﬁrmatory testing has risks including hemorrhage,
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detection of circulating tumor DNA, which is present in very
small quantities. We will review approaches to develop biomarkers for the early detection of lung cancer, with special consideration to detection of rare tumor events, focus on the use of
DNA methylation-based detection in plasma and sputum, and
discuss the promise and challenges of lung cancer early detection.
Plasma-based detection of lung cancer DNA methylation may
provide a simple cost-effective method for the early detection of
lung cancer.
See all articles in this CEBP Focus section, “NCI Early Detection
Research Network: Making Cancer Detection Possible.”

pneumothorax, infection, and death (5–7). Current screening criteria
with LDCT-based screening only accounts for one third of lung cancer
patients. Of the patients who successfully undergo treatment for lung
cancer, 30% of patients have tumor recurrence and eventually die from
lung cancer (8). Improvements in the current lung cancer screening
paradigm are needed, and noninvasive biomarkers could be an ideal
complement with LDCT to improve sensitivity and speciﬁcity and
decrease the rate of false positives. Therefore, developing new biomarkers for earlier disease detection, monitoring, and prognosis is
necessary. Noninvasive biomarkers can also be useful for treatment
monitoring, prognostication, and monitoring for disease relapse.

Potential Analytes as Biomarkers for
Lung Cancer Detection
Lung cancer is associated with speciﬁc molecular changes in the
tumor cell of origin as well as changes in the host that are potentially
useful for lung cancer screening. Various tumor-associated molecular
changes to diagnose early-stage lung cancer have been the subject of
long-standing investigations and will not be completely described, as
this has been the subject of previous reviews. However, some discussion is useful for context and to consider the challenges that each
potential analyte introduces. Fundamental to the development of
cancer are changes in DNA, including mutational and copynumber changes. These include both driver mutations that have a
signiﬁcant role in regulating tumor biology and passenger mutations
that are phenotypically silent, and are frequent in lung cancer.
Mutation rate is also accelerated secondary to the ﬁeld effect from
smoking, the primary risk factor for lung cancer. These changes will be
further considered in later descriptions of mutational detection in
circulating tumor DNA (ctDNA). Changes in DNA methylation share
some of these features and will also be discussed. However, mutational
and epigenetic changes in DNA result in changes in messenger RNA
(mRNA), microRNA (miRNA; noncoding RNA that regulates gene
expression), and proteins. Each of these has been examined for lung
cancer detection. mRNA detection is challenging given the instability
of mRNA due to presence of RNase in circulation and has made
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miRNA much more promising for the early detection of lung cancer.
Indeed, promising studies have been published using this approach (9).
Proteins, as the ﬁnal product of gene expression, are also potential
biomarkers for the molecular changes associated with the development
of cancer. However, most protein biomarkers examined for early
detection in blood are not related to mutational or expression changes
within the tumor, but are rather tissue products with higher levels in
serum (CEA and PSA) or related to host response (IL6 and prolactin).
As such, these protein markers require quantitative cutoffs to achieve
speciﬁcity, which limits the sensitivity in very early-stage cancers. Lung
cancer–speciﬁc changes in levels of some proteins such as for Cytokeratin 19 (CYFRA 21–1) have provided one approach to increasing
sensitivity (10). In addition, the patient response has also been the
source for lung cancer detection through expression proﬁles of whole
blood (11) and autoantibodies (12).
Liquid biopsies and ctDNA biology
Nucleic acids were ﬁrst reported in blood in 1948 (13). In 1977,
cancer patients reportedly had more cell-free DNA (cfDNA) than
healthy volunteers (14). Since then, cfDNA levels have also been
described to be increased in patients who had undergone trauma,
transplant, infection, and infarctions. In 1989, Stroun and colleagues
demonstrated that some of cfDNA was of tumor origin and Sidransky
and colleagues showed that urine pellets from patients with urothelial
cancers had TP53 mutations (15, 16).
In oncology, liquid biopsy is used to describe genomic information
obtained noninvasively that would typically only be accessible by
sampling a tissue biopsy. Tumor cells release ctDNA, circulating
tumor RNA (miRNA, mRNA), proteins, metabolites, tumoreducated platelets, circulating tumor cells, and extracellular vesicles
including exosomes (17–22). cfDNA consists of DNA fragments that
are thought to be wrapped around nucleosomes and undergo degradation at sites most susceptible to DNase digestion. Thereby, these
fragments have a modal length of 166 bp (23). Most of cfDNA is
derived from leukocytes; however, in cancer patients, a fraction of
cfDNA consists of ctDNA. There are multiple mechanisms postulated
for release of ctDNA by tumor cells: apoptosis, necrosis, and active
transport of vesicles (18). The amount of ctDNA in bioﬂuid is a
function of tumor size, vascular/lymphatic invasiveness, number of
metastatic sites, and cancer type (24). A liquid biopsy gives a real-time
genomic snapshot of the tumor as all tumor cells from all tumor sites
will release DNA to some degree. Therefore, liquid biopsies manage to
capture intra- and intertumoral heterogeneity that tissue biopsies
cannot capture due to sampling bias, operator dependency, and
multiple locations in metastatic tumors (25, 26). Moreover, repeating
a noninvasive biopsy for disease monitoring entails repeating only
sampling of the bioﬂuid, whereas repeating tissue biopsies is associated
with additional risks.

Clinical Applications of Liquid Biopsy
A liquid biopsy–based assay is currently established for noninvasive genotyping of ctDNA. There is potential utility in primary
diagnosis and augmenting current screening tests. A noninvasive
test can be potentially used to longitudinally follow-up subjects with
indeterminate nodules in lung cancer without the risks of radiation
exposure from repeated imaging. Noninvasive biomarkers can also
prognosticate disease (27–31), and therefore prioritize the type of
therapy that would be most efﬁcacious. ctDNA levels can be
followed longitudinally to monitor therapy (27, 32–35). When
treatment fails, there is an increase in ctDNA signal indicative of
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increasing tumor burden; deeper sequencing of ctDNA in the most
proximal bioﬂuid can potentially circumvent the need for a second
biopsy to guide further therapeutic options (33, 36, 37). Another
application is minimal residual disease monitoring for a patient
who has undergone neoadjuvant therapy (38), surgery (38, 39), or
adjuvant therapy/radiation (39).

Current Landscape for Noninvasive
Biomarkers
ctDNA-based assays can detect mutations, copy-number, and
methylation alterations. A 58-gene targeted sequencing approach
using somatic mutations by Phallen and colleagues to detect stage I
or II colorectal, breast, lung, or ovarian cancer from plasma resulted in
detection rate of 71%, 59%, 59%, and 68%, respectively (29). miRNA
are small, noncoding RNA fragments that can regulate protein expression and are dysregulated in cancer. In order to mitigate the high rate of
false positive when screening high-risk individuals for lung cancer with
LDCT, the investigators used a 13-plex miRNA test on subjects
enrolled in the Continuous Observation of Smoking Subjects (COSMOS) where they found comparable sensitivity and negative predictive value to LDCT (40). For stage I non–small cell lung carcinomas
(NSCLC; N ¼ 22), they reported a ROC curve AUC of 0.89, sensitivity
59%, and speciﬁcity 90%. The randomized Multicenter Italian Lung
Detection (MILD) trial used a miRNA signature to further risk stratify
subjects once they had undergone LDCT (9). These studies demonstrate that liquid biopsy–based assays can potentially be used as a
screening tool and as a complement to current screening diagnostics.
DNA methylation biology
Epigenetic changes are characteristic during initiation and progression of malignancy. DNA methylation–based biomarkers are an ideal
candidate because epigenetic changes occur early in carcinogenesis
and ctDNA is a stable molecule in bodily ﬂuids. DNA methylation
occurs on C5 of cytosine in the CpG dinucleotide catalyzed by DNA
methyltransferase. Most CpG sites are methylated in normal cells (41).
However, CpG islands (density of 1 CpG/10 bp) occur in 2% of the
genome and are mostly unmethylated in normal cells (42). CpG islands
(CGI) occur at transcription start sites within promoter regions and
regulate gene expression. When methylation occurs in the gene
promoter regions, it represses gene expression (43), and can also
occur at CpG shores, shelves, and enhancer regions. Focal hypermethylation changes can drive inactivation of key tumor suppressor
genes, dysregulation of regulatory regions that control cell cycle and
growth, or reduced response to therapy. Global hypomethylation is
considered carcinogenic on its own and can play a role in destabilizing the genetic material. The widespread nature of epigenetic
changes provides multiple targets that can concomitantly be interrogated. In lung cancer carcinogenesis, alterations in methylation
pattern occur early and can drive cancer progression. Lung cancer
genome is universally hypomethylated except for CpG dense
regions at promoter sites of tumor suppressor genes and other
genes that prevent cancer progression. In NSCLC, alterations in
methylation are associated with cigarette use (44), cancer screening,
tumor progression (45), prognostication (46–49), histologic, and
molecular classiﬁcation (50–54).
There are some potential advantages for DNA methylation versus
mutational detection. First, oncogenic mutations including KRAS and
EGFR are typically heterozygous (no loss of wild-type allele), while
methylation events, typically functioning as tumor suppressor with
loss of expression, are either homozygous (with allelic loss of other

Cancer Epidemiol Biomarkers Prev; 29(12) December 2020

Downloaded from cebp.aacrjournals.org on February 28, 2021. © 2020 American Association for Cancer Research.

2417

Published OnlineFirst November 4, 2020; DOI: 10.1158/1055-9965.EPI-20-0704

CEBP FOCUS
copy) or biallelic. Second, increased apoptosis, a feature of cancer due
to cellular turnover, results in an increase in circulating nucleosomes,
the predominant source of ctDNA (55, 56). We and others have
observed that hypermethylated promoter regions are associated
with repressive chromatin-associated histone modiﬁcations and
closely spaced nucleosomes (57), in contrast to the nucleosomefree region of unmethylated and actively transcribed promoters.
This provides a relative enrichment for hypermethylated promoter
regions through enhanced protection from nucleosomal degradation during apoptosis.
DNA methylation occurs early in lung cancer
It is difﬁcult to determine temporality between methylation changes
in DNA and carcinogenensis due to logistical limitations such as lack of
adequate sampling of normal tissues before carcinogenesis. It was ﬁrst
shown that gene promoter hypermethylation preceded squamous cell
carcinoma (SCC) lung cancer when a study utilized a 2-stage nested
PCR to detect MGMT and CDKN2A promoter methylation. They
detected MGMT and/or CDKN2A hypermethylation in 100% of
sputum samples in subjects who were eventually diagnosed with SCC
lung cancer with up to 3 years of lead time to clinical diagnosis (58).
Ensuing studies have demonstrated similar results (59–62). In one
study, of the 8 subjects positive for CDKN2A hypermethylation in
sputum, 3 developed lung cancer within 1 year after sample
collection (59). Similarly in another study, of the 5 subjects with
RASSF1A methylation in sputum, 3 developed lung cancer within
12 to 14 months of sample collection (62). Collectively, these studies
demonstrate that DNA methylation could be a promising biomarker in early lung cancer detection and be useful for population-based
screening.

Sputum Detection
Tumor cells or ctDNA is more abudantly present in the most
proximate bioﬂuid. Lung cancer detection is more sensitive using
respiratory secretions such as sputum (63), bronchoalveolar washings (64), and pleural ﬂuid when compared with plasma. Assessing
sputum samples could improve sensitivity of methylation-based
approaches to detect lung cancer and augment current screening
algorithms. The potential for sputum-based epigenetic testing was
demonstrated when Belinsky and colleagues reported that promoter
hypermethylation in sputum samples preceded lung cancer development in higher-risk populations (65). In this study, subjects were
25 years or older, smoked greater than or equal to 30 pack-years,
and had evidence of obstructive airﬂow disease by spirometry. Of
the 14 genes studied for promoter methylation, 6 were associated
with a >50% increased risk in lung cancer, and concomitant
methylation of 3 or more genes of the 6 genes was associated with
6.5-fold higher risk of developing lung cancer [95% conﬁdence
interval (CI), 1.2–35.5] in sputum samples collected within
18 months of cancer diagnosis. This represents a sensitivity and
speciﬁcity of 64%.
Hulbert and colleagues reported a sensitive assay to further stratify
subjects that had indeterminate nodules on LDCT (63). All subjects
were node negative and stage I–IIA. Sputum and plasma were tested
using a 6-gene panel to detect methylation of promoter sites using
methylation-speciﬁc PCR and methylation on beads. The sensitivity
and speciﬁcity based on the most detected gene were 63% to 86% and
75% to 92%, respectively, in sputum, and 65% to 75% and 74% to 82%,
respectively, in plasma. Combination of 3 genes that were most
detected resulted in predictably higher sensitivity and speciﬁcity of
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98% and 71% in sputum and 93% and 62% in plasma, respectively. A
similar study by Leng and colleagues also used a methylation assay
composed of 8 genes to screen smokers who would identify a “high
classiﬁer” subtype to triage people who would beneﬁt from LDCT (66).
Using a gene panel on sputum samples from node-negative stage I–IIB
lung cancer patients and a control population of cancer-free smokers,
they reported a higher odds ratio of 1.6 to 8.9 for methylation of all
genes. ROC curves for deducing the diagnostic accuracy of the panel
when comparing lung cancer cohort to control cohorts were 82% to
86%. Adding clinical characteristics improved the diagnostic accuracy
of the assay. This study utilized large sample size; however, the
speciﬁcity of an ideal test would need to be higher than the reported
56% when sensitivity is set at 95%.
During a lung bronchoscopy, isotonic saline is ﬂushed into the
respiratory tract, and the resultant ﬂuid (bronchoalveolar lavage) is
collected for cytological analysis. Liquid biopsies could also be performed on bronchoalveolar lavage (BAL) ﬂuid, albeit this sampling
approach would be partly invasive and therefore not useful for
population-based screening purposes. When evaluating diagnostic
efﬁciency of methylation panel consisting of SHOX2 and RASSF1A,
Zhang and colleagues reported a detection rate of 85.7% using BAL
ﬂuid in stage I lung cancer patients, whereas detection rates for CEA
and cytology were 10.7% and 46.4%, respectively (67).

Plasma Detection
Methylation-based biomarkers have been extensively studied in
plasma and have demonstrated utility in cancer screening, early
diagnosis, prognostication, tumor progression, and treatment monitoring. In 2002, a study reported methylation in p16INK4A69 in mostly
stage I lung cancer patients when compared with control population.
In blood, RASSF1A and p16 are most commonly detected in mostly
early-stage (0–II) lung cancer patients with reported sensitivity and
speciﬁcity of 22% to 66% and 57% to 100%, respectively (68–70).
Another study of methylation of CpG areas surrounding TSS of
DCLK1 gene in healthy subjects and lung cancer patients (71) reported
detection of methylation was 39.3% in stage IIA–IIIA patients, and
56.8% for stages IIIB–IV. Interestingly, methylation was more prevalent in small cell lung cancer than in other cancer subtypes.
In 2010, Ostrow and colleagues demonstrated the use of a
multiplex PCR-based panel that evaluated promoter site hypermethylation in 4 tumor suppressor genes (72). They assessed 2
populations: subjects that eventually developed cancerous lesions
(n ¼ 70) as diagnosed by CT and subjects that developed groundglass opacities (GGO, n ¼ 23). Among the cancerous lesion
cohort, 73% had at least 1 gene that was hypermethylated with
a speciﬁcity of 71%, whereas only 22% of the population with
GGO had a hypermethylated gene. There was signiﬁcant difference
in methylation between patients diagnosed with lung cancer and
noncancerous lesions (P ¼ 0.0001). This study reported that
methylation-based panels could discern between cancerous and
noncancerous lesions based on CT ﬁndings, with reported sensitivity 73% and speciﬁcity 71% (AUC 0.643). One of the limitations
of the study was no long-term follow-up to determine incidence of
lung cancer diagnosis among the control group.
Epi proLung is a liquid biopsy test that includes the genes PTGER4
and SHOX2 (73) in a PCR-based approach to detect lung cancer
using plasma samples. It is designed as a reﬂex test for indeterminate
pulmonary nodules. For clinical validation, it was tested on 360
samples in the United States and Europe. Of the 360 samples, 152
belonged to patients who were lung cancer positive and the remainder
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belonged to subjects who were cancer negative. Notably among the
cancer-positive group, 26 were stage I and 24 were stage IV, and results
were not stratiﬁed according to tumor stage. At a ﬁxed speciﬁcity of
90%, sensitivity for lung cancer was 67%.
Novel approaches
Newer approaches pertaining to methylome sequencing continue
to explore new and exciting applications of DNA methylation–
based biomarkers. By comparing the CpG cluster patterns of
various tissues from The Cancer Genome Atlas (TCGA) database
and healthy controls (microarray data) with CpG cluster pattern
from plasma of cancer patients, a group was able to predict cancer
type and location alongside tumor burden (74). In 2016, EPICUP
was released as an assay that could determine origin of tumor with
unknown primary with a diagnostic accuracy of 87% (75). The assay
is based on array-based whole methylome sequencing of multiple
primary tumor types and comparing with the CpG methylation
pattern derived from frozen or formalin-ﬁxed, parafﬁn-embedded
tissue samples from known cases of tumor with unknown primary.
This approach is mostly limited to labs that can perform sequencing
on the Illumina methylation BeadChip platform. Early lung cancer
diagnosis remains the holy grail application of methylation-based
biomarkers. By performing bisulﬁte sequencing on lung tumor
tissue samples, Liang and colleagues were able to build a diagnostic
prediction model to diagnose lung cancer in subjects with indeterminate lung nodules (76). The assay performance was impressive
with 75% (55%–90%) sensitivity for stage 1a lung cancer and 85.7%
(57%–100%) for stage 1b lung cancer patients.

P ≤ 0.006) in esophageal SCC, whereas methylation changes in more
downstream positions in the CpG island were not associated with
survival outcomes (78). It is also found that even methylation of a
single CpG dinucleotide could affect gene expression. For example, a
single CpG dinucleotide is associated with repression of transcription
of the ZAP70 gene, and ZAP70 gene repression is associated with
improved survival in four independent cohorts (P ≤ 0.03). Another
consideration for a candidate biomarker is the number of CpG motifs
to cover; optimal length of CpG motif can improve assay speciﬁcity. As
evident by the examples above, it is important to characterize the exact
genomic location of the primer, so that the biomarker performs
optimally. It is also important to know the genomic context of the
methylation, as promoter sites are usually unmethylated whereas gene
exons are usually heavily methylated (79).
To develop a screening diagnostic, a test must be inexpensive,
have high sensitivity to reduce false negative, and have high speciﬁcity to reduce false positives. False positives can lead to further
unnecessary testing and invasive procedures such as bronchoscopy.
Liquid biopsy tests can also be used as companion diagnostics in
conjunction with current screening practices in an algorithmic
manner. In the coming years, epigenetic assays will have a place
in the market due to being inexpensive, PCR-based assays with fast
turnaround times, or NGS-based assays that can identify new
therapeutic targets. NGS-based assays are more expensive but offer
new actionable targets when resistance to treatment develops. They
will be more feasible in the near future as sequencing costs continue
to decrease.

Methylation-Based Assay Design

Limitations of Current Studies and
Solutions

For methylation-speciﬁc changes to be translated into a good
biomarker, a malignancy-speciﬁc event should be found ubiquitously
in cancer patients and not in subjects with no malignancy. Similarly, a
methylation-speciﬁc biomarker should only be found in patients with
worse prognosis or therapy responders as opposed to nonresponders.
If similar regions are methylated in cancer tissue and control tissue, the
speciﬁcity of the assay will be low. A candidate tumor biomarker will
need to fulﬁll a few characteristics: increased frequency and prevalence
of methylated alleles ubiquitously in most/all tumor samples, and
absence of background methylation at the same loci in normal tissues.
Ideally, these methylation changes at promoter sites should result in
differential expression of genes. If methylation occurs at a promoter
site of a gene, resulting in repressed expression of that gene, it will
biologically make sense to monitor this change as it seems cancer
speciﬁc and functionally relevant. Once these criteria are fulﬁlled, a
sensitive assay would be needed to detect methylation changes in
plasma, as only a subset of tumor-derived DNA will be present in
plasma (14).
For methylation-speciﬁc biomarkers, location of methylation at
promoter site is crucial. For instance, GSTP1 methylation is noted to
be a promising potential biomarker; however, there is a wide array of
variability in speciﬁcity among studies. One group noted signiﬁcantly
increased speciﬁcity when methylation was detected at the 50 end of the
promoter site of the GSTP1 gene to diagnose hepatocellular carcinoma
(97.1% at the 50 end, 60% at the 30 end; P < 0.001; ref. 77). Another
consideration for biomarker design is not all promoter methylation
sites are created equal, with signiﬁcant phenotypic difference from
certain changes as opposed to others. A small methylation change at
the promoter of the NMDAR2B gene just outside of the CpG island
was associated with worse prognosis (HR, 3.13; 95% CI, 1.05–9.72;

Despite exponential growth in studies regarding methylation biomarkers for cancer detection, there is currently no clinical assays to aid
in lung cancer diagnosis. A major limitation in applying methylationspeciﬁc PCR-based approaches for early detection of cancer is the
decreased quantity of ctDNA in plasma in patients with early-stage
cancers (29). Smaller tumors are reported to have less degree of
central necrosis, decreased vascularity, and decreased lymphatic invasion which results in decrease in ctDNA fragments in blood (24).
Investigators have reported as low as 2,127 to 8,787 copies of cfDNA,
which is equivalent to 7–29 ng from 1 mL of plasma (24, 80). Most of
cfDNA is from leukocytes present in blood, and in stage I cancer
patients with limited tumor volume, only 1 to 2 copies of ctDNA are
found in 1 mL of plasma (29, 81). Methylation-based assays have
decreased sensitivity for diagnosing early-stage tumors (82, 83); therefore, their use for screening in a healthy population is challenging.
More downstream sample loss (almost >50%) also occurs when
samples undergo bisulﬁte conversion, thereby decreasing assay sensitivity (84). Moreover, methylation-speciﬁc quantitative PCR has a
higher limit of detection than approaches that are based on targeted
deep sequencing (85).
A possible solution is to use NGS- or digital PCR-based approaches
which are techniques used for more granular analysis, with a lower
limit of detection. Another solution is to limit losses resulting during
bisulﬁte conversion. Methylation on beads was a highly sensitive
approach, where investigators reported signiﬁcant improvement in
assay sensitivity by limiting sample losses between reactions (63, 86).
Another innovation in the methylome sequencing space is the development of methylation enzyme systems that provide gentler conditions for identiﬁcation of 5-methyl cytosines. One offering is from
NEBNext Enzymatic Methyl-seq (EM-seq) available from New
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England BioLabs and another is from TET-assisted pyridine borane
sequencing. These enzymatic systems claim to decrease DNA fragmentation, loss, and bias and as a result provide more ampliﬁable
copies for targeted analysis or NGS.
A potential solution to improve liquid biopsy assay sensitivity is to
combine multiple analytes such as ctDNA, ctRNA, and proteins to
achieve a higher sensitivity cancer screening assay (87). However,
testing concomitantly on the same samples is technically difﬁcult,
increases the cost of the assay, and increases the complexity of posttest
analysis. Cohen and colleagues developed CancerSEEK that combined
serum proteins and ctDNA for early-stage cancer diagnosis; however,
the assay sensitivity was 62% with the speciﬁcity set at 99% (88). The
sensitivity of this approach for stage I lung cancer was however only
43% (20 of 46 patients).
Liquid biopsy tests can also be combined with traditional imaging
techniques as complementary diagnostics. Imaging is often more
expensive than a simple liquid biopsy test, but does provide tumor
location, size, and stage needed for lung cancer diagnosis. Hulbert
and colleagues used a sputum and plasma-based methylation assay
on subjects with LDCT ﬁndings consistent with indeterminate
nodules to increase the speciﬁcity of screening diagnostics (63).
A liquid biopsy test could replace invasive biopsies and procedures
after a highly sensitive yet unspeciﬁc screening diagnostic (such as
LDCT in lung cancer).
Many studies that use methylation-speciﬁc PCR report low
speciﬁcity. One of the reasons for low speciﬁcity could be inadequate assay design. Using methylome databases such as TCGA to
characterize optimal primer location would result in improved
speciﬁcity (63, 89). Moreover, methylation of promoter sites that
are commonly seen in lung cancer such as SHOX2 (90), RASSF1A
(91), p16 (92), and NISCH (93) is also noted to be present in
smokers. Therefore, future studies will need to have matched
controls that share common demographics. Using bioinformatics
for improved analysis could also control for these confounding
variables. In the same vein, most of the case–control studies for lung
cancer detection report results that are derived from advanced lung
cancer cases (stage III/IV) and are not entirely applicable for early
cancer diagnosis. In order to evaluate assay sensitivity in early-stage
cancers, more studies with early-stage lung cancer need to be
performed with matched controls.

Future Directions
DNA-based noninvasive biomarkers have been researched extensively; however, larger multicentered studies are required for clinical
validation for translation of epigenetic biomarkers into the clinic. Standardization of DNA methylation protocols is also required for large-scale
collaborative efforts to be feasible. As more bioﬂuids are used for assay
design, standardization of protocols for processing various bioﬂuids is
required. Advancement of whole-genome bisulﬁte sequencing and
microarray-based sequencing techniques will allow for improved proﬁling of the methylome in cancer patients, healthy subjects, and in
plasma. This will improve assay design due to more extensive methylome
sequencing data. Innovative techniques such as targeted next-generation
sequencing–based panels, digital PCR-based assays, and methylation on
beads may improve assay sensitivity and speciﬁcity. For lung cancer
screening protocols, DNA methylation in plasma/sputum should be used
alongside LDCT in large-scale population-based studies to develop novel
screening algorithms that decrease the rate of false positives. Because
ctDNA consists of somatic mutations and aberrant DNA methylation,
combining these two biomarkers would be ideal for improvement in
sensitivity and speciﬁcity. Harmonization of DNA extraction protocols,
methylation sequencing protocols, and transparent access to wholegenome bisulﬁte sequencing will be needed for collaborative multicenter
biomarker validation. The ﬁnancial strain of noninvasive diagnostics for
the healthcare system would need be addressed, because the cost of the
test must be considered together with the potential for decreased
treatment costs due to earlier cancer diagnosis. Patient advocacy for
payer acceptance for these noninvasive diagnostics would also be
required. Although DNA methylation-based biomarkers are promising,
these hurdles need to be addressed for successful translation of these
biomarkers into the clinic.
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